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Magnetic properties of epitaxial thin films of YBa2Cu307 have been studied in the superconducting
state in fields perpendicular to the sample, along the c crystallographic axis. In the low-temperature
state, susceptibility, hysteresis loop, and remanent magnetization (trapped flux) studies show that a criti-
cal state is established in very low applied fields. The flux penetration process and the related thickness
properties are well accounted for by simple electromagnetic models for the critical current. It is shown
that the evaluation of the critical current J, by the classical Bean formula is roughly valid, in spite of the
curvature of the vortices. A decrease in the low-temperature value of J, with increasing thickness is
found above 100 nm. In the temperature range close to T„the irreversibility line moves towards higher
field with increasing thickness according to a d' law. This is discussed in relation with the theories of
vortex-lattice and vortex-glass melting.

I. INTRODUCTION

Since the discovery of the high-T, superconductors, '

thin films of these materials have been extensively stud-
ied. Various techniques have been developed, especially
to elaborate YBa2Cu307 thin films. Very soon, high-
quality epitaxial films could be obtained. ' The interest
in thin films was stimulated by possible applications using
transport or microwave properties. However, the
geometry of thin films, with a thickness often comparable
to the London penetration depth, provides means of
studying special physical properties. For example, the
role of surfaces or defects created by irradiation can be
more easily studied on thin films.

Most of the studies performed on high-T, thin films are
related to the elaboration techniques, the characteriza-
tion of the samples, and the transport properties in the
superconducting state, without or with an applied mag-
netic field. However, comparatively few detailed studies
concern their magnetic properties, although these proper-
ties have been extensively studied on bulk materials,
ceramic, or single crystals.

One of the major problems of type-II superconductors
concerns the mechanisms of flux penetration and flux
pinning in the Inixed state. The value of the critical
current, an important parameter for applications, is
directly related to the flux-pinning properties. Trans-
port measurements alone cannot clarify this point. It is
also necessary to collect magnetic data that are more
directly related to the Aux properties.

The relation between critical current J, and magnetiza-
tion has been established by Bean, on the basis of the no-
tion of what is now called the critical state. The Bean
formulas, which simply connect the remanent magnetiza-

tion to J„are commonly used since they profile an easy
method to evaluate J, through magnetic measurements
without contacts. However, the Bean formulas are strict-
ly valid for "infinite" samples with the magnetic field ap-
plied along a long dimension. This is not the case of a
thin film with field applied perpendicular to its plane,
where the demagnetizing field effects are dominant. De-
tailed magnetic studies combined with electromagnetic
calculations can clarify this point and especially estimate
the importance of the curvature of vortices in this
configuration.

YBazCu307 thin films show comparatively high critical
currents, in the range of 10" A m at low tempera-
ture. ' The origin of the strong pinning of vortices re-
sponsible for such high J, is not clear at the moment.
The nature of defects, the role of surface pinning, and
more generally, of intrinsic pinning due to the quasi-two-
dimensional properties of these materials, are not estab-
lished now. In the case of this films, one can vary one pa-
rameter, the film thickness. Studies of the pinning proper-
ties on epitaxial thin films with different thicknesses
could bring new information that could contribute to the
understanding of the mechanism of pinning.

High-T, superconductors are characterized by the so-
called irreversibility line, which corresponds to the pres-
ence of a reversible regime and therefore, to the vanishing
of critical current below T, in field H;„, much smaller
than the higher critical field H, 2. This was established
in the pioneering work of Muller, Takashige, and Bed-
norz, through measurements of the so-called zero-field-
cooled and field-cooled magnetization on a
(LaBa)Cu04 ceramic. The observed metastable prop-
erties were then attributed to the existence of a supercon-
ducting glass state, possibly associated with granular
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properties of the materials. Soon after, similar results
were obtained on YBazCu3O7 single crystals by Yeshurun
and Malozemoff. The existence of the vanishing of the
flux pinning, and therefore, of the irreversible properties
on the irreversibility line was accounted for by giant
flux-creep phenomena, due to comparatively small pin-
ning and large thermal energies, in the special case of
high-T, superconductors. The possibility of a supercon-
ducting glass state, due to the existence of disordered pin-
ning centers destroying the long-range order of the Abri-
cosov vortex lattice, was proposed later by Fisher. ' In
this context, the irreversibility line could be attributed to
a transition from a vortex-glass state to a vortex-liquid
state. Simultaneously, models involving the melting of
the vortex lattice were proposed by Nelson and Seung"
and by Brandt. ' Such melting has been previously ana-
lyzed for thin films of conventional type-II superconduc-
tors, with a thickness smaller than the London penetra-
tion depth. ' It has been argued that the effect of
thermal fluctuations could lead to a melting transition
similar to the Kosterlitz-Thouless transition predicted for
two-dimensional systems. ' In the case of the high-T, su-
perconductors, it is believed that vortex-lattice melting
could occur due to high accessible temperatures and
therefore, to large thermal fluctuations. This may be de-
scribed on the basis of the elastic properties of the vortex
lattice, applying the Lindemann criterion for melting to
the mean-square value of the vortex-lattice displacements
(for review see Refs. 15 and 16). Whether the related ir-
reversibility line corresponds to a vortex-glass or a
vortex-lattice transition is still an open question.

From an experimental point of view, the irreversibility
line can be obtained by transport, by magnetization, or
by mechanical measurements. In the case of thin films,
previous results had been obtained by the studies of
current —voltage characteristics and supported the model
of the vortex-glass state. ' The energy dissipation due to
flux-line motion has also been studied by means of a
mechanical oscillator, leading to results consistent with a
vortex-glass state. ' While many results have been ob-
tained by magnetic measurements on single crystals, we
are not aware of such data on thin films.

Magnetization studies can provide the irreversibility
line either by comparison of the thermal dependence of
field-cooled and zero-field-cooled magnetizations, as was
done in Ref. 8, or by the direct measurement of the ir-
reversible magnetization on the hysteresis loops recorded
at different temperatures. We have used this second
method to study the irreversibility line of films of
different thicknesses. Such studies are of special interest,
since the film thickness is comparable to the London
penetration depth (Xl =140 nm for fields parallel to the
ab plane) and may also be comparable to some correla-
tion length along the flux lines.

One should note that detailed studies of the hysteresis
loops at different temperatures also give information on
the field and temperature dependence of the critical
current. These properties are directly related to the flux-
pinning mechanisms and to flux-creep phenomena, which
are known to be especially important in high-T, super-
conductors. The problems related to flux pinning and

flux creep have also stimulated considerable amounts of
work. The classical model for flux creep, due to Ander-
son and Kim, ' is based on the thermal motion of un-
correlated vortices of vortex bundles over a potential bar-
rier of height U, which depends linearly on the applied
current J. Other models involve a collective vortex pin-
ning mechanism, first proposed by Larkin and Ovchnni-
kov. This assumes a strong deformation of the vortex
lattice due to the presence of a large concentration of
randomly arranged pinning centers. This model leads to
the concept of a correlation volume V„ in which the vor-
tex lattice is nearly perfect. Outside this volume, there is
no long-range order due to the presence of pinning
centers. This mechanism of pinning is clearly closely re-
lated to the concept of the vortex-glass state. ' ' The
theories for flux creep based on the collective flux-pinning
mechanism ' lead to an inverse power law for the current
dependence of the barrier energy, typically UJ- J
where o, is an exponent of the order of unity depending
mainly on the size of the vortex bundle involved in the
creep phenomenon.

One should note that in these models, the basic con-
cept of the correlation volume involves two characteristic
lengths, the transverse one E., and the longitudinal one
L„perpendicular and parallel, respectively, to the mag-
netic field. It is clear that in the case of thin films in per-
pendicular applied fields, the order of magnitude of the
longitudinal correlation length I.„as compared to the
film thickness, will be of special importance.

In this context, we have performed detailed studies of
the magnetic properties in the superconducting state of
YBa2Cu307 epitaxial films grown by laser ablation on
SrTi03 substrates. Films with thickness in the range
50—400 nm have been measured. We have focused our
work on the properties of the initial (virgin) magnetiza-
tion curve, the hysteresis loops, and remanent magnetiza-
tion for different values of the maximum applied
field, as well as on the irreversibility line.

This paper is organized as follows. In Sec. II we de-
scribe the experimental techniques. In Sec. III we report
results on the initial magnetization, low-field initial sus-
ceptibility, and differential reverse susceptibility. Section
IV is devoted to the hysteresis-loop and remanent-
magnetization (trapped-fiux) studies. In Sec. V, we give
the results obtained for the irreversibility line. Finally, in
Sec. VI, we extract some conclusions from this work.

II. EXPERIMENTAL TECHNIQUES

YBazCu307 thin films have been prepared by laser ab-
lation, using a pulsed excimer laser and a cylindrical ro-
tating target without post annealing, as described in Refs.
25 and 26. The technique assures homogeneous ablation
on large substrates. The films were deposited on (100)-
oriented single crystal SrTiO3 substrates, maintained at a
temperature between 600 and 780'C. The target was a
stoichiometric sintered YBa2Cu30„sample. The critical
temperature T, was found above 88 K for all films of
thicknesses larger than 10 nm. All samples showed a me-
tallic resistivity above 90 K of the order of 0.3 mA cm at
300 K. The thickness of the film was measured by the
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Rutherford backscattering (RBS) technique with an abso-
lute accuracy of 5%. The room-temperature resistivity
was found to be independent of the thickness within this
accuracy between 50 and 200 nm. Critical currents were
found to be in the range of 10' A/m at 77 K for film
thicknesses above 50 nm.

The structural properties were characterized mainly by
He ion channeling. The content of Ba, Cu, and Y, ob-
tained from RBS, was the same as in the stoichiometric
target. The minimum backscattering yield g;„ for a 2
MeV He beam perpendicular to the film was found to be
smaller than 10% and independent of thickness. X-ray
studies established that the c axis was perpendicular to
the film. These results, together with g;„values for
different orientations of the He beam, established that the
films are epitaxial, with excellent c-axis orientation per-
pendicular to the films and a good crystalline alignment
in the plane of growth. This does not exclude twinning in
the ab plane.

Scanning electron microscopy studies showed that the
samples were smooth, except for some small particles of
0.2 pm diameter, with a chemical composition between
YBa2Cu307 and CuO. These particles do not seem to
inAuence the electrical properties. Table I gives the
thickness and onset critical temperature T, of the studied
samples.

The magnetic measurements were performed with a
vibrating-sample magnetometer built in the Laboratory.
A magnetic field, up to 6 T, is provided by a supercon-
ducting magnet. The amplitude of the vibration was 1

mm for all measurements and its frequency was 67 Hz.
The high sensitivity of the apparatus (magnetic moment
of 10 A/m or 10 emu) is obtained with pickup coils
immersed in liquid helium and located close to the sam-
ples. For low-field measurements (0.1 m T), zero-field
calibration was obtained by using a lead reference sample
in its superconducting state.

The results reported here have been obtained with the
magnetic field perpendicular to the sample. The samples
were cut in the shape of squares or rectangles close to the
size 4 X4 mm . For hysteresis-loop and remanent-
magnetization measurements, the sample was warmed up
to 100 K between successive measurements and cooled

again in zero field in order to suppress previously trapped
Aux.

III. INITIAL MAGNETIZATION, INITIAL AND
DIFFERENTIAL REVERSE SUSCEPTIBILITIES

A. Experimental results

Figure 1 shows typical results for the initial magnetiza-
tion M as a function of the applied field Ho, obtained
after zero-field cooling, for several films with different
thicknesses. The applied Geld Ho was always perpendicu-
lar to the sample. One notes that the initial susceptibility

obtained in low fields (Ho & 5000 A/m ' = l. 25
X 10 Oe), is in the range of 10 and is decreasing with
increasing thickness d. The curves also show a maximum
of M for a field H~ that increases with d. H~ is related to
the full penetration field. Its increase with the thickness is
consistent with results obtained in Sec. IV and will be dis-
cussed in this context.

Figure 2 shows the initial susceptibility as a function of
the geometrical factor R/d. R is an equivalent radius
calculated from the in-plane dimensions l& and Iz of the
film through the formula ~R =lll2. If one assumes a
linear variation of g, and R /d, one obtains y, -0.8R /d.

Figure 3 shows typical hysteresis loops obtained for in-
creasing values of the maximum applied field Bo
(B0

=poHP ), for comparatively small values of BP
( & 100 mT). It is clear in this figure that the diff'erential
susceptibility on the reverse leg of the hysteresis loop at
H o, y d (H 0 ) is similar to the initial susceptibility y;.
This is a general result; yd(Hp ) is independent of H p
and equal to the initial susceptibility for all epitaxial
films.

Figure 4 shows this differential' reverse susceptibility as
a function of Bo together with g;; there is clearly no
variation of gd(HO ) with increasing maximum applied
field.

Op

TABLE I. Characteristics of some of the investigated sam-
ples. Only samples 15, 16, 17, and 18 have been deposited from
the same target in the same set of experiments. Other samples
correspond to different experiments. Most of the reported re-
sults have been obtained on samples 15—18.
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1

7
9

11
15
16
17
18

Thickness (nm)

400
100
200
400
200
150
100
50

T, (I)
(determined on the zero-field-
cooled magnetization curves)

89.0
88.0
89.0
89.3
91.8
91.5
91.1
88.8
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I

20000

Ho(A ~ ~)
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FIG. 1. Typical results for the initial magnetization vs mag-
netic field at 10 K for different film thicknesses. The in-plane
sample dimensions were in the range 4X4 mm —5X5 mm .
Applied field Ho perpendicular to the film plane.
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30000

H T=10K
y, would be decreasing with increasing thickness as ex-
perimentally observed. However, if one evaluates the
internal field H, one obtains

20000
HoH=

(1+ny)
Ho

10000

10000 20000 30000

FICi. 2. Low-field initial susceptibility g; as a function of the
geometrical ratio R /d. R is the equivalent film radius and d the
thickness.

B. Discussion

M M
Ho (1+ny)H

—1 4 R
(1+ny) ir d

Let us discuss the initial susceptibility y;. We will first
assume that the sample is in the Meissner state in low ap-
plied fields after zero-field cooling. If this would be the
case, the initial susceptibility would be characteristic of
the Meissner state. To evaluate the Meissner susceptibili-
ty of a thin film, one has to take into account demagnetiz-
ing field effects. For that, one can compare the sample to
an oblate spheroid of semiaxis a =b =R,c =d/2. The
demagnetizing field coefficient along c is found to be

&d
n, =1—c, with c=——.

4 R

Then, the internal field H would be such that

H =Ho —nM =Ho —nyH,

where Ho is the applied field and y the diamagnetic
Meissner susceptibility expected to be equal to —1.

The apparent susceptibility would, therefore, be

For a thin film 100 nm thick, the factor R /d is in the
range of 10 and the internal field would be typically 10
times larger than the applied field. In most experimental
cases, H would be larger than the lower critical field H
of YBa2Cu307 since poH„ is of the order 0.1 T along the
c axis at low temperature. This establishes that even in
very low perpendicular applied fields, the film is not in
the Meissner state. This is consistent with previous anal-
yses for films of thicknesses comparable or larger than
the London penetration depth.

The experimental data which show that the initial sus-
ceptibility g; is the same as the differential reverse sus-
ceptibility y(HO ) also support this result. Since for
H =Ho, the film is clearly in the critical state, the exper-
imental results indicate that the initial susceptibility g, is
also characteristic of a critical state. The experimental
observations of Aux penetration in a thin film by use of
the Faraday effect are consistent with this analysis. '

They show that in low applied field, Aux enters first on
the sides of the film in a narrow region which must be in
the critical state.

The differential reverse susceptibility yd(HO ) has been
previously evaluated by Angadi et al. in the case of a
sample in the critical state. By imposing the conserva-
tion of the magnetic Aux in the middle of the film, they
obtained

~ R . R 1
y(HO )= ———,with 9= ln 8—Od' d 2

This assumes that the critical current circulates along
the whole film. For a thin film, the parameter 8 is weakly
dependent on the geometrical factor and 0= 11.
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FIG. 3. Typical initial magnetization curves
and low-field hysteresis loops for several values
of the maximum applied field Bo. T=10 K,
H l film, d =200 nm.
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FIG. 4. Reverse difterential susceptibility ydHo measured in
decreasing fields from the maximum applied field Ho, as a func-
tion of poHO d =200 nm. {o ) corresponds to the low-field ini-
tial susceptibility g;. T =10 K, Hi film.

1.0x1 0'—

0—

H J Film
T=10K

Our experimental data correspond to

yd(Ho )= —(0.8+0.4)R/d .

They are not too far from the predicted theoretical
value.

One can extend the model of Angadi et al. to evaluate
the initial susceptibility g, , if one assumes the outer part
of the film to be in the critical state in low applied fields.
The predicted value of y, is then the same as g(Ho ), if
one performs the same type of calculation,

-1.0x1 08—

-2.0x1 Qs
0 2 4

Bo(T)

FIG. 5. Typical hysteresis loops for increasing applied fields,
d =150 nm. (a) Small maximum applied fields. Note that
gd(Hp ) is the same for all loops; (b) typical high-field hysteresis
loop.

Similar results have also been obtained by Senoussi
with different approximations and, therefore, different
numerical factors.

Just as for yd(Hp ), our experimental values are rough-
ly consistent with this result. The slight discrepancies be-
tween the data and the calculations are not surprising.
First, the calculations are only approximate. Then, since
our samples are not circular, the effects of the corners of
the squares or rectangles might perturb the critical
currents in the sample. It had been shown, indeed, by use
of the Faraday technique, that Aux penetration in a
square sample is not as regular as in a circular one.

One should point out that this analysis clearly estab-
lishes that the length scale of the critical currents in an
epitaxial YBa2Cu307 film is of the order of the in-plane
film size. This is, of course, not the case in granular films.

IV. HYSTERESIS LOOP AND
REMANENT MAGNETIZATION STUDIES

A. Results

Detailed studies of the hysteresis loops can be per-
formed for different values of the maximum applied field
Ho as shown in Fig. 5. This figure shows typical loops
obtained at 10 K for Bo in the range 0—6 T. They were
obtained with typical field sweeping rates —5 m T/s

We have shown previously that the differential reverse
susceptibility does not depend on Ho. This is not the
case for the remanent magnetization M„(or trapped fiux),
which increases with Ho as long as it has not reached a
saturation value. Figure 6 shows a typical curve of M„as
a function of Ho either with semi-log or with log-log
scales.

One can define from these curves a threshold field B&
for the onset of a measurable remanent magnetization
M„. The definition of this field depends primarily on the
sensitivity of the experiment. In our case, B, is defined
by

M„(BI ) =10
M sat

r

One can also define a saturation field B2 corresponding
to the onset of the saturated value of the remanent mag-
netization M„: Bo =B2 for M, =M„"'. In the case of the
simple Bean model, with J, independent of B, B2 is ex-
pected to be twice the field B* for full penetration of the
vortices toward the center of the film (see, for example,
Ref. 35). For B, & Bp & B~, the semi-log plot shows that
M„ is increasing with Bo, with a law involving (HP ).

Figure 7(a) shows the curves of the normalized
remanent magnetization M„/M„"' for films of different
thicknesses. The curves are displaced toward increasing
field for increasing thickness. Figure 7(b) shows Bi as a
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10

FIG. 6. Remnant magnetization M, as a function of the max-
imum applied field F000 Hl film, d. = 100 nm. ( CI ): T = 10 K,
(E): T =30 K. (a) Semi-log plot; (b) log-log plot showing that,
in low fields, laws approximately in (Ho ) are followed.

80

function of thickness. B, seems to increase approximate-
ly linearly with d for small thicknesses and to saturate for
higher values of d. Figure 7(c) shows the field B2 as a
function of d. The tendency for B2 is similar to that not-
ed for B,.

Figure 8 shows the saturated value of the remanent
magnetization as a function of d. This curve shows a
maximum for d 100 nm and a decrease above.

y- 60

E
40

20

100 200 300

d(nm)
400

(c)

500

B. Discussion

Let us first discuss the general behavior of the curve
M„(Ho ). In the case of an infinite cylinder of radius R in
a parallel applied field, the remanent magnetization is sa-
turated only for a field 2H* (H*=J,R). For
Ho (H*, M, can be worked out from the Bean article
and is found to be

(Hm )2
M„=

2H*

(Hm )3
for H, (H'.

4H*

Our results, which show a (Ho ) dependence in fields
quite smaller than the full penetration field would agree
roughly with the Bean model. However, the Bean model
clearly should not apply in this case because of the large
demagnetizing field effects. For the same reason, the
Bean formula which predicts the saturated value of the
remanent magnetization M„=H*/3= J,R /3, is dubious.
Several authors have examined the problem of the critical
state of a circular film or disk in a perpendicular applied
field in order to clarify this point. The basic problem lies
in the critical-state equation,

2.5x1 08

E
+ 2 Ox10e

1.5x10e

0

H Z Film
T=10K

0

5000 100 200 300 400
d(nm)

FICx. 8. Saturated remanent magnetization M,"' as a function
of thickness. Hl film, T=10 K.

FIG. 7. Remanent-magnetization studies for different
thicknesses d. T=10 K, Hl film. (a) M, /M„"' as a function of
Bo. M,"' is the saturated remanent magnetization. d =50 nm
( 0 ), 100 nm (CI), 150 nm (Q), 200 mm ( X ). {b)Field B, for the
onset of the remanent magnetization defined with the criterion
M„(8& )M„"'=10 . (c) Field 82 corresponding to the satura-
tion M, as a function of thickness.

3.0x1 08
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poJ, =V XBO

which becomes in this geometry,

0B,
BI

where J,&
is the critical current which Aows in the cir-

cumferential direction, B, is the longitudinal component
of B, parallel to the applied field Ho, while B, is a radial
component which does not vanish. All models lead to
numerical calculations for the evaluation of the magneti-
zation. They are based on the decomposition of the criti-
cal current distribution in concentric current loops.
More refined models take into account some field depen-
dence of the critical current J, . The first calculation by
Frankel predicted the field profile for a thick sample,
with a thickness much larger than the London penetra-
tion depth. Further developments were performed by
Daumling and Larbalestier who obtained for the same
case, field profiles for several values of the geometrical
factor R /d. Conner and Malozemoff have calculated
the remanent magnetization, using the Kim formula for
the field dependence of J, (J, =a /Ho+ C). They show
that the Bean formula M„=J,R/3 is approximately fol-
lowed for thin samples (d ~ C /a). Unfortunately, the
calculations were not performed for thin films, but only
for bulk samples (R/d ~15). More recently, Theuss,
Forkl, and Kronmuller used the same model in the case
of thin films in order to predict the Aux-density profiles
when increasing the field from a zero-field-cooled initial
state. But they did not calculate the remanent magneti-
zation. As far as we know, no calculation of the
remanent magnetization in a thin film (R/d —10 ) is
available at the moment. One should note that the sim-
ple Bean formula would be correct if the critical current
density was constant throughout the disk. However, the
available theories establish that the critical current J, is
related mainly to the spatial variation across the film
thickness of the radial component B„ofthe field. There-
fore, they show that the curvature of the vortices is very
likely non-negligible. But models adapted for a film with
a thickness smaller than the London penetration depth
should also take into account surface energies and local
energies associated with vortex bending.

In the absence of numerical calculations, one has to use
simple evaluations. For example, the applied field H2
which induces a saturation of the remanent magnetiza-
tion can be estimated roughly on the basis of a model
similar to that of Angadi et a/. In this model, one cal-
culates the field created at the center of the film by a dis-
tribution of annular critical currents. The full penetra-
tion field can then be evaluated by assuming that the crit-
ical currents circulate through the whole sample. One
obtains H2 =yJ,d, where y is a factor of the order of uni-

ty. This predicts in a first approximation, and below
some characteristic thickness, approximately a linear
variation of H2 with the thickness for constant critical
currents. Our results do show a linear increase of Hz
with thickness for thicknesses smaller than several hun-
dreds of nm [Fig. 7(c)j.

The increase of the threshold value B, with d is related

to a decrease of the demagnetizing field effects for in-
creasing thickness. It should be compared with the ap-
parent lower critical field,

4x/0"—
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FIG. 9. Critical current as a function of thickness. J,"' is
evaluated from the Bean formula, J,"'=3M,"'R, J,' ' is calculat-
ed from the saturation field 82 =poH2. J,' '-FX, /d.

One should note that B, (
—10 T) is much larger

than @AH,
"
, which is expected to be —10 T at 10 K.

We believe that this discrepancy might be due to the ex-
perimental inaccuracy. The experiment is probably not
sensitive enough to detect the first trapped vortices.
However, one cannot exclude other effects, such as
barrier-type phenomena, preventing the penetration of
vortices in low fields.

One can try to evaluate the critical current from the
magnetic measurements and compare the values obtained
from the saturated remanent magnetization through the
conventional Bean formula (J,"'=3M„/R) and from the
values of the full penetration field H2 dependent on the
thickness (J,' '-H2/d). Figure 9 shows the curves of
J,'" and J,' ' as a function of thickness. The agreement
between both sets of data is satisfactory. One first notes
that the order of magnitude of J,'" and J,' ' is consistent
with transport data. Further, these results seem to indi-
cate that the critical current is decreasing with increasing
thickness above roughly 100 nm. One should recall that
the films studied here, with different thicknesses, have the
same values of the room-temperature resistivity and
neighboring critical temperatures above 100 nm. There-
fore, the decrease of the critical current has to be associ-
ated with a decrease of the pinning force on the vortices
not related to gross crystal quality difference between the
samples. Such a mechanism could account only for the
decrease of J, below roughly 100 nm. Above 100 nm, the
decrease of J, could suggest that a surface pinning mech-
anism could be dominant. Such mechanisms related ei-
ther to the film surface or to the film-substrate interface
have been invoked previously. ' However, they apply
rather to the geometry of surfaces parallel to the vor-
tices, ' which is not the case here. On the other hand,
recent results have established that YBa2Cu 307 thin



13 918 LIU, SCHLENKER, SCHUBERT, AND STRITZKER 48

Alms elaborated by laser ablation or by sputtering, show
42 —45a large concentration of screw dislocations. Fur-

thermore Mannhart et al. have shown that these disloca-
tions act as pinning centers since the critical current J,
increases with their density. It is not unlikely that this
density depends on the thickness of the film. Results of
Ref. 43 may indicate, indeed, a decrease of the screw
dislocation density with increasing thickness. Further
work should involve studies on the same films of structur-
al and physical properties in order to corroborate this
analysis.

0.8

0.6
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U

0.2

V. THICKNESS DEPENDENCE
QF THE IRREVERSIBILITY LINE

0 ' 2 0.4 0 ' 6

A. Results

The irreversibility line has been obtained from the hys-
teresis loops, as shown in Fig. 10o The Aeld correspond-
ing to the zero value of the irreversible magnetization at a
given temperature T has been defined as B;„(T). This
definition of B;„depends on the choice of a magnetiza-
tion criterion related to the experimental sensitivity. In
our case, this criterion was 100 emu/cm for all sam-
ples.

In order to get some insight into the mechanism
governing the irreversibility line, we have also considered
the field dependence of the pinning force, F =J,B. For
that, we have assumed that J, is proportional to the mea-
sured irreversible magnetization M. The internal field B
can be evaluated through

B =go(Ho+Hd+M),

where Ho is the applied field and Hd the demagnetizing
field. Since in the case of a thin film in perpendicular ap-
plied fields, Hd ———M, one can assume

F =J,B MBo -(Bo=poHo) .

F shows in all cases a maximum as a function of B at a
value F '" and vanishes at Bo=B;„. Figure 11 shows
the curve of the reduced value F /F "as a function of
the reduced field, b =Bo/B;„, for temperatures between

FIGo 11. Normalized pinning force (F~/F~ '") as a function
of the normalized field Bo/B;„. F~ is evaluated from F -MBo.
F " is the maximum value of the pinning force. Hl film,
d =200 nm.

83 K and T, . These data show clearly that scaling laws,
as first obtained by Kramer, are not obeyed in the vi-
cinity of T„since the curves are not superimposed. This
means that if one fits F /F "by

the exponents p and q are found to be temperature depen-
dent, as shown in Fig. 12.

In conventional superconductors, temperature-
independent values of —,

' and 2 for p and q, respectively,
were often found. They were attributed to a pinning
mechanism involving a shear of the vortex lattice around
pinning centers. This model is similar to the collective
pinning mechanism of Ref. 20. At temperatures below
—82 K, our results are not inconsistent with such a mod-

el, within the experimental accuracy. At higher tempera-
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FIG. 10. Typical results for the reverse branch of the hys-

teresis loop at temperatures close to T, . d =400 nm, Hl film.

FIG. 12. Exponents p and q of the law

F~ —(Bo /B;,„) ( 1 —Bo /B;,„) as a function of temperature.
Same sample as for Fig. 11.
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FICx. 13. (a) Irreversibility line obtained from the hysteresis
loops for films of di6'erent thicknesses. (b) B;„/&d as a func-
tion of normalized temperature T/T, .

tures, both p and q are increasing with T. Comparatively
large values of these exponents have also been found in
YBa2Cu307 single crystals. One should note that the
increase of p and q above -80 K may be due to large Aux
creep phenomena in the case of YBa2cu307.

Figure 13(a) shows the irreversibility line as obtained
from the zero of the irreversible magnetization for
different thicknesses. Independent of the thickness, B;„
follows a law of the type

B;„—(1—T/T, )",
with an exponent n found to lie between 1.1 and 1.3.
This exponent is clearly smaller than the value of 1.5
found in previous experiments. ' ' It is also smaller
than the values found recently on untwinned YBa2Cu307
single crystals, either by mechanical or by electrical
measurements. ' This is not surprising since the films are
very likely twinned. One should note that while our
values of B;„are similar to the values obtained by Koch
et al. on epitaxial thin films, ' they are systematically

smaller than values obtained on bulk single crys-
tals. ' ' This is corroboration that size effects may
play a role on the value of B;„. Similar results on the
thickness dependence of the irreversibility line had been
found by Civale, Worthington, and Gupta by an ac-
susceptibility technique, although our results seem to cor-
respond to smaller values of 8;„for similar thicknesses.

Figure 13(b) shows that in our case, B,,„ follows ap-
proximately a square-root law as a function of thickness:

T
1I'I'

C

01 1/2

B. Discussion

Although a large theoretical effort has been made on
the mechanisms at the origin of the irreversibility line, lit-
tle is known about size effects. One may first consider
vortex-lattice melting theories, such as the model pro-
posed by Nelson and Seung. " This model assumes that
Auctuations in the vortex lattice are highly anisotropic
and extend along the direction of the magnetic field. The
longitudinal correlation length associated with these Auc-
tuations g~~, parallel to B, is then much larger than the
transverse one, g~. These correlation lengths are increas-
ing with T and expected to diverge at a temperature cor-
responding to a three-dimensional melting transition.
But, in finite samples, when

g~~
becomes comparable to

the sample size, a two-dimensional melting transition is
expected to take place, therefore, at a temperature lower
than the three-dimensional transition. Such a model
should clearly predict a thickness dependence of the
melting line for thin films in perpendicular fields. In fact,
this has been worked out by Yeh. The two-dimensional
melting temperature was, indeed, found to increase with
increasing thickness. Numerical values were obtained in
the case of YBa2Cu307 for thicknesses of 200 and 2000
nm, respectively. A factor of roughly 2 was found at
T/T, =0.92 for these two values. This is smaller, but
comparable to our experimental results.

However, one may wonder if a model of vortex-lattice
melting applies to the irreversibility line in thin films.
The presence of a large density of pinning centers should
be taken into account and models involving depinning
processes should be examined. Let us consider the model
proposed by Feigelman et al. ' In this case, the destruc-
tion of the long-range order of the vortex lattice by pin-
ning centers is associated with the correlation volume
with a characteristic length L, parallel to the magnetic
field. If L, becomes comparable or larger than the sam-
ple dimension along B, then the vortex-lattice disorder
becomes two dimensional. L, was estimated in Ref. 57
by means of the collective pinning theory of Ref. 21. Pre-
vious estimations of L, yielded a value of 7 nm for pin-
ning by oxygen vacancies at low temperatures. Other
pinning mechanisms could also be responsible for much
larger values of L, . Our results may support orders of
magnitude as large as 100 nm. But further theoretical de-
velopment based on this type of model would be desir-
able.



13 920 LIU, SCHLENKER, SCHUBERT, AND STRITZKER

VI. CONCLUSION

We have reported detailed studies of the magnetic
properties of YBa2Cu307 epitaxial thin films in the super-
conducting state and have emphasized the dependence of
these properties on the film thickness. We have shown
that, in fields perpendicular to the films, the initial sus-
ceptibility is characteristic of a critical state for the outer
part of the film. This initial susceptibility is always found
equal to the differential susceptibility measured on the re-
verse branch of the hysteresis loop at the maximum ap-
plied Aeld. Both quantities are decreasing with increasing
thickness, as expected theoretically. The experimental
values show that, in epitaxial films, the length scale of the
critical current corresponds to the film size.

The remanent magnetizations studies establish that the
characteristic fields B, for the observable onset of the
remanent magnetization (or trapped Aux) and 82 for its
saturation, increase with thickness approximately linearly
for low thicknesses. This is expected for B2 on the basis
of a simple electromagnetic estimation. We have also dis-
cussed the validity, in the perpendicular geometry, of the
classical Bean formula for the calculation of the critical
current. Our results indicate that in spite of the problems
caused by the curvature of the vortices in this geometry,
this formula might be approximately correct. It is now
desirable that numerical calculations of the remanent
magnetization with correct models should be performed.
The evaluated critical current seems to decrease slightly
with increasing thickness above roughly 100 nm. We
have compared this result with the scanning tunneling
microscopic studies which show clearly the presence of
screw dislocations in YBa2Cu307 thin films and which in-
dicate that these dislocations might be the dominant con-
tribution to vortex pinning. Further work should involve
studies of the critical current and of the screw dislocation
density on the same samples, with various thicknesses.

We have found that the irreversible line is displaced to-
ward higher fields with increasing thickness. Although
this result is qualitatively expected, there is a lack of

theoretical calculations concerning thin films with a
thickness comparable to the London penetration depth.
We have, however, discussed these results in the frame-
work of two models, the vortex-lattice melting and the
collective pinning mechanism. In the first model, the
vortex longitudinal correlation length associated with the
elastic properties of the lattice has to be compared to the
film thickness. In the second one, the characteristic
length related to the pinning mechanism is the dominant
physical parameter. Further studies are necessary to
clarify this point.

We want to stress that our results corroborate the im-
portance of shape demagnetizing field effects for the
physical properties of superconducting thin films. Very
low applied fields perpendicular to the samples may
inAuence strongly these properties. One should especially
be careful, in the course of studies in the presence of
small oblique fields, that the perpendicular component
only might control the vortex phenomenology and, there-
fore, many physical properties. Further work on the an-
isotropy of the magnetic properties establishing this point
is presently in progress. On the other hand, in the high-
field regime, demagnetizing field effects are expected to be
negligible. Thickness effects have to be attributed to
more intrinsic mechanisms. The angular dependence of
the irreversibility line can then be studied by magnetiza-
tion measurements and could be compared to other re-
sults.
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